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ABSTRACT

This paper examines the importance of load phase
angle variations with respect to fatigue damage. The
operating loads on a generic three bladed up-wind
1.5-MW wind turbine blade were analyzed over a
range of operating conditions, and an aggregate
probability distribution for the actual phase angles
between the peak in-plane (lead-lag) and peak out-of-
plane (flap) loads was determined. Using a finite
element model (FEM) of the 1.5-MW blade and
Miner’s Rule [1], the accumulated theoretical fatigue
damage (based on axial strains) resulting from a
fatigue test with variable phase angles using the
aggregate distribution was compared to the damage
resulting from a fatigue test with a constant phase
angle. The FEM nodal damage distribution at
specific blade cross-sections are compared for the
constant and variable phase angle cases. Single-node
stress concentrations were distributed arbitrarily
around one cross section to simulate material defects
in a blade undergoing testing. Results show that the
variable phase angle case results in higher damage on
the critical nodes. In addition, the probability of
discovering a material defect during a test was
substantially increased when variable phase loading
was used.

The effect of phase angle sequence on the damage
accumulation was also considered. For this analysis,
the finite element results were processed using a
nonlinear damage accumulation model. Results show
that the sequence of phase angle can have a large
effect on the fatigue damage, and multiple, shorter
length, sequences produce higher damage than a
single, long, time history.

INTRODUCTION

Wind turbine blade fatigue tests are conducted to
verify the ability of the blade to sustain the operating
load environment over a design life of 20-years or

! This paper is declared a work of the U.S. Government and
is not subject to copyright protection in the United States.

more. The actual operating load variations are
inherently complex, consisting of both stochastic and
deterministic sources, including multi-axis wind
shear, random three-dimensional turbulence, gravity
loads, gyroscopic forces, control induced vibrations,
and others. To generate the full-scale test loads, in-
plane (lead-lag) and out-of-plane (flap) loads are
separated into independent time series, rainflow
counted into range/mean histograms that are used to
derive separate damage equivalent fatigue loads
(DEL). The two DELs are applied to the blade
simultaneously with a constant phase angle between
them using sinusoidal loading [2]. In most cases this
phase angle is computed by taking the mean angle
between the occurrence of the peak flap and lag loads
in an azimuth averaged time series. Ostensibly, this
simplification obscures the time- varying phase
relationship between the lead-lag and flap loads.

The flap and lead-lag bending moments experienced
by blades during operation are not sinusoidal, and the
location around a given blade section profile where
the maximum strain is observed can vary from one
rotor revolution to the next. By contrast, the location
of maximum strain occurs at virtually the same blade
section location for every load cycle during a typical
blade fatigue test. Consequently, significant errors
may be introduced into the full-scale fatigue testing
of wind turbine blades when a constant phase angle is
used to describe the inherently variable flap versus
lead-lag load relationship.

Historically, compromises to test accuracy have often
been made as a necessary concession to conform full-
scale blade tests to laboratory constraints. However,
the practice of using constant phase angle in testing
does not appear to be rooted in laboratory
deficiencies but rather in old design methods that
ignored phase angle. In fact, a test system to apply
variable phase angle in the laboratory could be fairly
straightforward.

This purpose of this study was to determine the
importance of load phase angle variations with
respect to fatigue testing damage. The first step was
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to determine if phase angle was changing
significantly during operation, and how a varying
phase angle could be applied to a test. This was done
using a FAST [3] dynamics model of a generic 1.5
MW wind turbine. For a full range of wind speeds
and turbulence conditions, the flap and lead lag loads
were analyzed to determine their phase relationship.
At each wind speed a phase angle probability
distribution was determined. The individual phase
angle distributions at each wind speed were then
weighted by a Rayleigh wind speed probability
distribution function to create a single, two-
dimensional aggregate phase angle distribution,
independent of wind speed, and representative of
operating phase angles. Note that, the purpose was to
determine how phase angle varies. Therefore, the
DELs resulting from these simulations were not
calculated as part of this study.

Once it was established that phase angle was indeed
changing significantly, the question became, how
would phase angle affect the damage accumulation
during a fatigue test? To answer this, a generic finite
element model (FEM) of a 1.5 MW blade, developed
by Global Energy Concepts (GEC), was used to
generate unit strains for flap and lead-lag loading
under typical two-axis test load conditions, using
DEL values from previous fatigue tests conducted at
NREL [4]. Linear damage analysis (Miner’s Rule)
was performed at three blade cross-sections (root,
max chord, and 15.75-m) using both the typical
constant amplitude test phase angles and the
aggregate distribution derived from FAST data. This
analysis was performed first for the ideal condition,
where the blade is assumed to be built flawlessly
(according to its design), and also for a condition
where material defects were intentionally added to
the blade sections, as might be encountered in real
test blade situations.

If the phase angle is varied during an actual blade
test, a wide combination of sequences are possible
which could still achieve the correct aggregate phase
angle distribution over the duration of a blade test.
Miner’s Rule, used in the above analysis, cannot
predict these effects; hence the finite element results
were processed further using the nonlinear Marco-
Starkey [5] damage accumulation model.

TURBINE MODEL

To evaluate the phase relationship between the flap
and lead-lag bending moments, a dynamic model of a
1.5 MW three-bladed upwind variable-speed pitch-
controlled wind turbine was used to simulate the
blade response to various operating conditions. The

model was created in FAST (Fatigue, Aerodynamics,
Structures, and Turbulence), which is an aeroelastic
design code used to model horizontal axis wind
turbines using a combination of flexible and rigid
bodies [3]. The operating conditions (wind speed,
turbulence intensity factor, etc.) were based on the
IEC class Ia wind site conditions [6]. Using the
FAST model, the average of the time histories of
each of the three blade root bending moments in the
flap and lead-lag directions were calculated.

PHASE ANGLE DERIVATION

For fatigue testing, the DELs are applied
harmonically with a distinct phase angle between the
flap and lead-lag load cycles. For a test to provide
design verification, the specific test parameters,
including phase angle, must be derived from the
operating load analysis, which is not so
straightforward. While operating lead-lag loading
does tend to follow harmonic trends and produce
clear 1-per-revolution peaks and valleys, flap loading
is more stochastic. Azimuth averaging will show
however, that flap loads follow deterministic trends
but with a high degree of scatter corresponding to
where the maximum and minimum values occur for a
given revolution [7]. This scatter contributes to a
continual shifting of the resultant load vector acting
on the blade. Since most of fatigue damage is likely
to occur at or near the maximum bending response,
phase angle should be described by using the
relationship between the flap and lead-lag load peaks.

For this study, the phase angle between the flap and
lead-lag forces is defined as the angular change in the
turbine rotor between the maximum flap bending
moment and the maximum lead-lag bending moment
over a single rotation, as shown by Figure 1. The
authors recognize that there are at least as many ways
to define the load phase angle as there are cycle
counting techniques but for the purpose of this study,
it has been assumed that other definitions will
produce similar results.

Max Flap ¢
Bending ¢
Moment #

Phase Angle

Max Lead-
Lag Bending
Moment

Figure 1: Phase Angle Definition



The simulated bending moments for the flap and
lead-lag directions were transferred into Matlab™ and
chopped into single rotor revolution length segments.
The rotor angle corresponding to the maximum flap
and lead-lag bending moments were calculated for
each revolution, as illustrated by Figure 2.
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Figure 2: Example Phase Angle Calculations

For easier visualization, the bending moments have
been normalized in this figure to vary from 0 to 1.

The phase angle distributions for discrete wind
speeds ranging from 9 m/s to 20m/s were compiled
and analyzed using 90-minute simulations. Figure 3
shows an example of one of these distributions for an
average wind speed of 9 m/s. As shown the variation
of the phase angles over the 90-minute simulation
ranged over a full 360 degrees. The mean phase
angle for the 9 m/s average wind speed case was
approximately 67.7 degrees with a standard deviation
of 77.2 degrees. For each mean wind speed, the
turbulence intensity was selected to coincide with the
value from the standard IEC class TA wind site [6].
The phase angle distributions roughly followed a
Gaussian distribution.
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Figure 3: Phase Angles Distribution for 9 m/s Mean
Wind Speed - 1.5 MW Turbine - IEC Class Ia Site

The mean and standard deviation of the phase angle
distributions varied as a function of the average wind
speed. As shown by Figure 4, the mean phase angle
increased from 67.7 degrees at 9 m/s to
approximately 87 degrees near cut-out.
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Figure 4: Mean Phase Angle as a Function of
Average Wind Speed

The relationship between the mean phase angle and
the average wind speed was approximated by a linear
function. Although not shown here, the relationship
between the standard deviation and average wind
speed was also approximated by a linear function.
However, the standard deviation of the phase angle
actually decreases as wind speeds increase. This
decrease coincides with a decrease in the turbulence
intensity factor specified by the IEC standard for
class Ia wind site wind conditions.

The linear approximations for the mean and standard
deviation of the phase angle distributions were
weighted by the standard IEC class TA wind speed
Rayleigh probability distribution to create a 3-D
phase angle probability density function, as shown in
Figure 5.
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Figure 5: PDF for Phase Angle and
Wind Speed for Generic 1.5 MW Blade



The 3-D distribution was integrated with respect to
wind speed to create a two-dimensional aggregate
probability density function that is independent of
wind speed and a good approximation of how phase
angle will vary under actual operating conditions.
This provides a simplification of the blade’s phase
angle  distribution that is necessary for
implementation in full-scale laboratory testing. ~ As
shown in Figure 6, the aggregate probability function
is approximately Gaussian. The mean phase angle
for this distribution is 72 degrees. The standard
deviation is approximately 55 degrees. Note that the
mean phase angle is relatively low because the
Rayleigh wind speed distribution heavily weights the
lower wind speeds, which have lower mean phase
angles than the higher wind speeds.
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Figure 6: Aggregate Phase Angle Probability Density
Function for Generic 1.5 MW Blade

From this analysis, it is apparent that a constant phase
angle does not represent the actual loading
experienced by wind turbine blades during operation.
In order to evaluate the effect that variable phase
angle testing may have on the cumulative fatigue
damage, the aggregate phase angle distribution was
used to construct a phase angle time history that
could be applied wusing standard fatigue test
equipment. Figure 7 shows a phase angle time
history that has the same histogram as the aggregate
probability density function. The time history was
created by dwelling on a phase angle for the number
of cycles prescribed by the aggregate distribution. In
a blade test, the phase angle would be changed by
adjusting the phase between the flap and lead-lag
components in discrete steps that approximate the
Figure 7 time series. In this example, the time
history has a duration of 3 million load cycles, which
would be typical for a blade test. Similarly, shorter
time histories that match the aggregate distribution
could be constructed and applied to the blade in a
repetitive sequence to achieve the same total number
of cycles. The effect of this type of sequencing was
examined and will be described later.
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Figure 7: Phase Angle Time History for Generic 1.5-
MW Blade

BLADE MODEL DESCRIPTION

With a variable phase angle time history now
determined, it is possible to compare the effect that
varying the phase angle during testing could have on
the fatigue accumulation. To perform this analysis, a
3-D finite element model of a 1.5 MW blade
originally created as part of the WindPACT research
program was used [4]. The WindPACT blade FEM
was modified for this project to model a typical test
set-up used at NREL. The loading was applied at a
single station located 24-meters from the root. Flap
and lead-lag loads were applied using global rotor
coordinates. The magnitude of the loading was
selected by NREL to be representative of actual two-
axis blade tests performed on a 1.5-MW blade.

Three blade cross-sections were selected for detailed
analysis. These sections were taken at the root plane,
the max chord station (6.3 meters), and at 15.75
meters (location of ply drop). For each of the cross-
sections analyzed, the nodes numbers were defined as
shown in Figure 8. The first node is located on the
trailing edge and the number increases clockwise
around the skin. The internal spar node number
increase from bottom to top then left to right. The
material property of the blade varies depending on
which node is being considered.
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Figure 8: FEM Node Definition



Two classifications of material properties were used
and will be considered in more detail in the next
section.

DAMAGE MODEL DESCRIPTION

The accumulated damage was modeled using Miner’s
rule [1]. Although other damage accumulation
models exist, this model is generally accepted and
well understood.  This model does have some
deficiencies such as: load level independence, load
sequence independence and a lack of load interaction
accountability [8], but this model can show the
influence of using a variable phase angle time history
compared to a constant phase angle time history on
the cumulative fatigue damage for a full-scale blade
fatigue test. Therefore, Miner’s Rule is used for this
part of the analysis and as mentioned, a different
fatigue damage model will be used later to analyze
the influence of phase angle sequences.

The fatigue properties of the fiberglass-laminated
material at each node location are important for
calculating the fatigue accumulation. The actual
fatigue properties of a wind turbine blade may vary
widely over a multiplicity of unique structural
features that include shear webs, spar cap rovings,
adhesive bonds, ply terminations, core materials, etc.
For the purpose of this generic study, the blade
fatigue properties were described by two material
classifications that are shown in Figure 9.
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Figure 9: Strain-Cycle Properties for Fiberglass Spar
Cap and Skin Material [8]

The dominant load carrying material is the
unidirectional glass fibers along the spar, represented
by the lower curve. All of the other laminates are
characterized by the upper curve labeled “skin
materials”. This curve approximates materials that
generally contain a higher content of biaxial fabric
and a core material. This analysis is not intended to
represent a fatigue life analysis for any particular
blade, but any trends found here indicate a high

potential for blades of similar construction to have
the same sensitivities.

Prior to calculating damage, the axial strains resulting
from the representative flap and lead-lag loads used
in the WindPACT FEM were calculated for each
phase angle. The simulated axial strains for each
phase angle were distilled into a mean and alternating
strain using a peak-valley detections algorithm. A
Goodman diagram was used to extract the mean and
calculate an alternating strain that would result in an
equivalent amount of damage for each phase angle
and node location.

RESULTS

Constant Phase Angles

Phase angle was first introduced at the NREL testing
facilities during single axis testing, where the blade
was pitched to a prescribed angle on the test stand to
give a fixed resultant load, which could be
decomposed into flap and lead lag components at a 0
degree phase angle. Dual-axis testing allowed the
operating loads to be more accurately represented,
and allowed the phase angle and load amplitude
ratios to be specified to better match design
conditions [10]. In all tests so far, the phase
relationship between the flap and lead-lag loads has
been defined as part of the fatigue load formulation
and has been fixed at a constant value. As
mentioned, for a single axis test, this value is always
zero. For dual axis testing the value is usually
between 70 and 90 degrees.

Constant phase angle experiments conducted earlier
at NREL on two identical blades demonstrated that
cracks appeared in one tenth the number of fatigue
test cycles for a phase angle of zero degrees (single
axis) compared to a test run with the same DELs but
at a phase angle of 90 degrees [2]. The following
results may help to provide an analytical basis to
support these empirical results.

Since fatigue damage is a direct result of the strain
encountered over the blade section, the relationship
between phase angle and blade strains was first
examined. As shown in Figure 10, changing the
phase angle between the flap and lead-lag forces
influences the equivalent alternating strain at a
particular node. It can also be seen that nodal
locations around the blade are dependent on the load
phase angle, and that the character of this relationship
is complex.



Equivalent Alternating Strain
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0
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F igure 10: Effect of Load Phase Angle on Equivalent
Alternating Strain (15.75 m)

Using Miner’s rule and the strain-cycle curve for the
blade material, the damage for each node location
resulting from each phase angle was calculated. This
result is illustrated in Figure 11 for the 15.75-m

station based for a three million-cycle fatigue test.

Accumulated Damage

Phase Angle, Deg

Node Number

Figure 11: Effect of Load Phase Angle on Damage
Accumulation (15.75 m)

Note that damage = 1.0 at failure. As shown, the
fatigue damage is highly influenced by the selection
of phase angle. Although the maximum damage for
the assumed loading at this blade station is not near
failure, the more significant effect is observed in how
the damage is distributed around the blade profile.

Figure 12 shows the results for three typical phase
angles used in testing: 0 degrees, 72 degrees and 90
degrees. This analysis agrees with the empirical
results that a zero degree phase angle could cause
failure much sooner than a 90-degree phase angle.
This analysis shows that the nodal damage due to a
constant phase angle fatigue test is dependent on the
phase angle used.
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Figure 12: Accumulated Damage for Three Different
Load Phase Angles (15.75 m)

Constant Versus Variable Phase Angle

The effect that different constant phase angles could
have on fatigue testing is significant, however,
analysis of the operating loads indicates that the
operating conditions are not constant. As such, the
damage accumulation predicted for a constant 72-
degree phase angle fatigue test have been compared
to the results for the Gaussian aggregate distribution
shown in Figure 6.

As shown in Figure 13, the Gaussian aggregate phase
angle distribution results in significantly higher
damage at some locations around the blade than the
constant phase angle distribution. This analysis
suggests that the constant phase angle test may not
produce a conservative test for every location around
the blade profile.
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Figure 13: Variable Phase Angles (15.75m)



Influence of Defects

The previous analysis showed higher damage
resulting from varying phase angle according to the
derived aggregate distribution for a blade that is
assumed to be built flawlessly, as the designer
intended. However, one of the purposes of
performing fatigue tests on actual full-scale samples
is to empirically unmask defects in the structure that
may have been introduced during production or
design. The fatigue properties in a local area can be
significantly affected by the presence of a material
defect. To evaluate the effect of defects with respect
to phase angle, defects were artificially added to the
blade model at arbitrary locations. Stress
concentrations for typical material defects in typical
fiberglass blade laminates were assessed by Montana
State University and were found to range from 1.2 to
2.5 [11]. To simulate the effects of a material defect,
a strain concentration of 2.0, representing a moderate
to severe defect, was applied to several nodes around
the blade surface as shown in Figure 14.

35

26 .

17
Figure 14: Material Defect Locations

Figure 15 shows the influence of a material defect
located at node 45 on the accumulated damage. The
results for a constant 72-degree phase angle fatigue
test are compared to a variable phase angle fatigue
test. It can be seen that the accumulated damage at
the defect is dependent on the phase angle.

The normalized damage occurring from the variable
phase angle fatigue test with respect to the constant
phase angle fatigue test is shown in Figure 16 for the
six defect locations. In each case, the damage from
the constant phase angle test was fixed at 1.0. From
this figure, it can be seen that in four of the six
locations the variable phase angle fatigue test has a
much higher probability of detecting defects. For the
example used in Figure 15, node 45 would generate
approximately three times more damage under
variable phase loading than at a constant phase angle
of 72 degrees. At node 35, this difference was
calculated to 12 times more damage for the variable
phase angle case.
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Figure 15: Comparison of Damage Accumulation
Defect at Node 45 (15.75m) — Variable Phase Angle
versus Constant Phase Angle

In two locations, on the lower spar cap (node 17) and
the leading edge (node 26), there was not a
significant difference between the methods for the
specific loading used.
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Figure 16: Normalized Accumulated Damage for
Fatigue Tests with Variable Phase Angles to Constant
72-Degree Phase Angle

This analysis indicates that a variable phase angle
fatigue test, besides being more representative of
operating conditions, could find defects that a
constant phase angle fatigue test would not. While
some empirical data exists to support the results for
the constant phase angle test case, there are no
experimental evaluations of a variable phase angle
fatigue test. Based on this analysis, it would be
worthwhile to explore variable phase angle testing on
a full-scale blade test.

Effect Of Phase Angle Sequencing

With variable phase angle tests, it is possible to apply
the phase angles in different orders but still have the



same overall resulting distribution. Research has
found that the order in which loads are applied to a
composite material may have an influence on the
amount of damage that is accumulated [12-14]. In
this analysis, it has been observed that variable phase
angle fatigue testing can influence the distribution of
damage around the blade profile. The question
remaining is: how does the length of the phase angle
time history influence the magnitude and distribution
of the damage around the blade profile? To
determine the answer to this question, it was
necessary to use a nonlinear damage accumulation
model.  Since it was not desirable to limit this
analysis to a specific type of failure mode, the
Marco-Starkey damage accumulation model shown
by Equation 1 was used [5].

4
Eq. 1) Dzz %

Where,
D = Accumulated Damage
n = # of Applied Cycles
N =# of Cycles to Failure
i = Load Case Index
v = tuning parameter

The tuning parameter, v, was determined using the
MSU/DOE Fatigue Database [12]. The results of this
analysis are highly influenced by the value selected
for v. Based on the results of the coupon tests, the
parameter v could realistically be any value between
0.265 and 1.0 (Miner’s rule). Although the value of
0.265 resulted in a better correlation to the coupon
fatigue information than the value of 1.0, an
intermediate value of 0.74 was selected for this
analysis.

As shown in Figure 17, the number of phase angle
sequence repetitions was increased to compare the
amount of damage that would be accumulated during
a fatigue test.
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Figure 17: Comparison of One Phase Angle
Sequence to Ten Phase Angle Sequences

In each case, the number of cycles contained in each
sequence was reduced so that the total number of
applied test cycles and the overall phase angle
distribution was the same as the Gaussian aggregate.
As shown by Figure 18, for the same number of total
cycles, the more often the phase angle sequence is
repeated, the more damage is accumulated. This
trend is present for any value of v that is less than
1.0, with v = 1.0 corresponding to Miner’s Rule,
which would predict no influence due to sequence.
The Marco-Starkey damage accumulation model
indicates that this effect is significant and should not
be ignored.
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Figure 18: Effect of the Number of Sequence
Repetitions on Damage Accumulation

This analysis indicates that the number of times a
sequence is repeated is a significant factor in
determining the total amount of damage
accumulation for a variable phase angle fatigue test.
The number of sequence repetitions did not affect the
proportions of the damage distribution around the
blade profile, as long as the overall phase angle
distribution remained the same.

CONCLUSIONS

This paper examined the importance of load phase
angle variations with respect to fatigue damage. The
operating loads on a conventional three bladed up-
wind 1.5-MW wind turbine blade were analyzed over
a range of operating conditions, and a two-
dimensional aggregate probability distribution for the
phase angles between the in-plane (lead-lag) and out-
of-plane (flap) loads was determined for the generic
1.5 MW wind turbine. The fatigue damage resulting
from this variable phase angle was compared to the
damage using a constant phase angle using finite
element analysis. Sequence effects of various phase
angle progressions were also considered using a
nonlinear damage accumulation model.



Results show the following:

e Phase angle between flap and lead-lag
loading varies widely during turbine
operation and can be represented by a
Gaussian distribution.

e Constant phase angle simplifications used
for blade testing and fatigue analysis are
non-conservative with respect to damage
accumulation.

e Constant phase angle approximations may
conceal blade defects that are introduced
by design, manufacturing or material
deficiencies.

e Even if phase angle is properly accounted
for using linear damage principles, non-
linear damage models show that the
sequencing strategy for introducing phase
angle into a validation test can influence
damage accumulation.

e Variable phase angle can be introduced into
blade test loading without major system
modifications.

e Variable phase angle should be accounted
for during wind turbine blade testing and
blade fatigue analysis if possible.
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